The influence of dihydroneopterin on tyrosine hydroxylase activity in PC 12 cells was investigated under normoxic and hyperoxic conditions, and with or without iron ions in the incubation medium. Low dihydroneopterin concentrations as well as hyperoxia increase tyrosine hydroxylase activity. Due to a too vigorous radical formation, high dihydroneopterin concentrations lead to a decrease of tyrosine hydroxylation in normoxic state and even more strongly in hyperoxic state. Similar depression of tyrosine hydroxylase activity was seen after addition of iron ions, which can form hydroxyl radicals by a Fenton type reaction. As higher iron concentrations in combination with dihydroneopterin do not suppress tyrosine hydroxylase activity completely, we conclude that dihydroneopterin and iron ions react with each other resulting in neutralisation of their effects. In conclusion, 7,8 dihydroneopterin can modulate tyrosine hydroxylase activity and its effects are dependent on concentration of oxygen as well as presence or absence of iron ions.
Introduction
Parkinson's disease is caused by degeneration of dopaminergic nerve cells in the zona compacta of substantia nigra, leading to decreased dopamine production and further to the typical clinical symptoms (1) . A dysfunction between neuronal activity of basal ganglia and thalamocortical connections can be observed (2, 3) . Earlier studies showed that the activity of tyrosine hydroxylase, the key enzyme in dopamine biosynthesis (4, 5) , as well as the concentration of its cofactor tetrahydrobiopterin (6,7) is diminished. The biologically active form of tetrahydrobiopterin is synthesized from quinonoid dihydrobiopterin. This reaction is catalysed by the quinonoid dihydropteridine reductase, an enzyme which needs the reduced form of nicotinamide adenine dinucleotide (NADH) as essential cosubstrate (8) .
The classical therapy of Parkinson's disease employs the exogenous administration of L-DOPA (9), the precursor of dopamine, m combination with suppressors of DOPA-decarboxylase. This enzyme catalyses the transformation of L-DOPA to dopamine. Furthermore, suppressors of the monoamino-oxidase are used, an enzyme catalysing the degradation of dopamine. However this therapy may lead on the one hand to additional decrease of endogenous dopamine biosynthesis through endproduct inhibition (10) , and on the other hand to several pro-and antioxidative effects (11) , which might contribute to further damage of substantia nigra nerve cells caused by oxidative stress.
Reactive oxygen species are formed by cells in the course of redox reactions, involving oxygen as part of the normal metabolism. In each cell a number of antioxidative defense mcchanisms are established to maintain a balance beween oxidative and antioxidative mechanisms.
although the biochemical functions of pteridines are unclear, with some exceptions. Independently, several studies including our own investigations have shown that reduced pteridines like 7,8 dihydroneopterin or 5,6,7,8-tetrahydrobiopterin are able to suppress radical-induced processes very efficiently, whilst aromatic pteridines such as, e.g., neopterin, intensify such processes (13) .
In this study we investigated the influence of dihydroneopterin on tyrosine hydroxylase activity under normoxia or hyperoxia and with or without Fe 2 ' ions, which are known to be able to catalyze electron transfer reactions needed for formation of radicals, especially for formation of the hydroxyl radical (14, 15) . For example, generation of the highly reactive hydroxyl radical is often achieved by reaction of hydrogen peroxide and superoxide radical anion with metal ions, especially those of iron and copper. Superoxide radical anion and hydrogen peroxide are known to be generated in the brain nerve cells in vivo (14, 16 ) and manyareas of the human brain are rich in iron (17, 18, 19) .
Materials and Methods

Cell culture
Rat phaeochromocytoma cells (clone PC 12) were cultured in RPMI medium (Roswell Park Memorial Institute, RPMI 1640 from Boehringer. Mannheim, Germany) with 10 % horse serum and 5 % fetal calf serum (Boehringer, Mannheim, Germany) m 75 cm ; tissue culture flasks or roller bottle (Szabo. Vienna. Austria) at 37°C in 5 %C0 2 and 95 % air (normoxic) and 95 % humidity. 48 hours before starting the experiments the cells were centrifuged at low speed, the medium discarded and 1 χ 107 cells were recultivated in collagen coated 75 cm 2 culture flasks in DMEM/Ham's F-12 medium with L-glutamine, 15 mM HEPES buffer, pH 7.4 (PAA Laboratories, Linz, Austria), 50 units/ml penicillin and 0.1 mg/ml streptomycin (Boehringer, Mannheim, Germany) and 5 % each of fetal calf and horse serum in a 5 % humidified atmosphere. Afterwards the medium was discarded and the cells were incubated with serum-free DMEM/Ham's medium, containing instead of serum the ITS complex (5ug/ml human insulin, 5μg/ml human transferrin and 50 ng/ml sodium selenite; Sigma, St. Louis, MO, USA) in 5 % CO : and air (normoxic) or under hyperoxia with 45 % N,; 5 % CO : ; 50 % 0 2 (hyperoxic). Medium was changed every third day. Cells were also incubated with several concentrations of dihydroneopterin (50 μπιοΐ/ΐ to 500 μπιοΐ/ΐ), purchased from Schircks Laboratories, Jona, Switzerland, or with a combmation of 100 μπιοΐ/ΐ or 500 μπιοΐ/ΐ dihydroneopterin and iron sulfate (80, 160 and 320 nM FeS0 4 ) under normoxia (5 % C0 2 and air) and in parallel, under hyperoxia (45 % N 2 ; 5 % CO,; 50 % 0 : ) for eight days.
Determination of tyrosine hydroxylase
The activity of tyrosine hydroxylase was estimated according to the method of Me Geer et al. (20) with some modifications (21), using L-U-' 4 C tyrosine (specific activity 448 mCi/mmol), purchased from Amersham (UK), as substrate. Tyrosine hydroxylase was expressed as l4 C activity incorporated in L-DOPA by enzymatic action, in relation to milligrams of cell protein.
Neurits extension
Neurite growth during incubation of PC 12 cells with nerve growth factor (NGF, 50 ng/ml medium) or in 50 % oxygen atmosphere was documented by an inverted system microscope (Olympus IX 70) with a connected DM-4 Ti camera.
Protein determination
Protein determination was carried out by the method of Lowry et al. (22) .
Results
Tyrosine hydroxylase activity in PC 12 cells incubated in normoxic atmosphere was 1790 cpm/mg protein (SD=428). In comparison, in cells incubated in 50% O-atmosphere we measured an enzymatic activity of 3329 cpm/mg protein (SD=961), corresponding to an increase of 86%.
High oxygen concentration in the incubation medium led to morphological changes of PC 12 cells. These cells increased neurite extension during incubation time (Fig. 1 ) . Similar neurite growth was found in cells Figure 1 . PC 12 cells after incubation with 50 ng NGF/ml medium and normoxic conditions (5% C0 2 and air) for eight days. incubated with NGF under normoxic conditions for the same time (Fig. 2) . Incubating cells with low concentrations of dihydroneopterin in normoxic atmosphere led to a moderate increase of tyrosine hydroxylase activity: 25pmol dihydroneopterin increased activity by 18 %, 50μπιο1 by 60 %, 100 μηιοί by 65 %; 250 μπιοί dihydroneopterin by 67 %; however, 500μg dihydroneopterin increased activity only by 32%. Cells incubated with the same concentrations of dihydroneopterin under hyperoxia led to an increase of tyrosine hydroxylase activity by 46 % with 25 μηιοί, 15 % with 50 μπιοί and 14 % with 100 μπιοί. 250 μπιοί dihydroneopterin concentration in the incubation medium caused a decrease of tyrosine hydroxylase activity below the concentration found in cells incubated without dihydroneopterin as con trois and was only 44 % of those. 500 μg dihydroneopterin supressed tyrosine hydroxylase activity completely in cells under hyperoxia.
Ferrous iron is frequently able to speed up radical formation by dihydroneopterin; therefore, cells were incubated with dihydroneopterin and ferrous iron sulfate with and without hyperoxia.
In normoxic atmosphere, 100 μπιοί dihydroneopterin and 80 nM FeS0 4 in incubation medium led to a decrease of tyrosine hydroxylase activity and was only 41 % compared to cells incubated with 100 μπιοί dihydroneopterin alone. 160 nM FeS0 4 together with 100 μπιοί dihydroneopterin depressed tyrosine hydroxylase activity even more strongly, namely, to 31 %. A similar effect is observed with 320 nM FeS0 4 together with 100 μπιοί dihydroneopterin, tyrosine hydroxylase activity being only 25 % of controls. With 500 μπιοί dihydroneopterin and 320 nM FeS0 4 in incubation medium, no tyrosine hydroxylase activity at all was detectable in PC 12 cells.
Under hyperoxia and the same conditions a reversed effect could be detected: with 320 nM FeS0 4 together with 100 μηιοί dihydroneopterin, tyrosine hydroxylase activity had the highest activity, although it was only 35 % of cells incubated with 100 μπιοί dihydroneopterin alone; with 160 nM FeS0 4 together with 100 μπιοί dihydroneopterin activity was 33 % and with 100 μ mol dihydroneopterin and 80 nM FeS0 4 no activity was found.
The same pattern was seen after incubation with 320 nM FeS0 4 together with 500 μηιοί dihydroneopterin -94 %, 160 nM FeS0 4 together with 500 μπιοί dihydroneopterin -51% and with 80 nM FeS0 4 together with 500 μπιοί dihydroneopterin no activity was found.
Under hyperoxia, cells incubated with 80 nM FeS0 4 alone, showed nearly the same tyrosine hydroxylase activity as control cells. 160 nM FeS0 4 and 320 nM FeS0 4 depressed enzymatic activity until it was undetectable.
Discussion
Katoh et al. (23) reported that in PC 12 cells, incubated in a 50 % 0 2 atmosphere, amounts of differentiation-marker proteins, tyrosine hydroxylase and neurofilament M increased. They concluded that reactive oxygen species were responsible for this activation, because ascorbic acid, an antioxidant reagent, inhibited the effects of hyperoxia. They found further that artificial generation of free radicals induced the same effects as hyperoxia. On the other hand Seitz G. et al. (24) demonstrated that ascorbic acid led to a significantly enhanced L-DOPA and dopamine synthesis after incubation of the neuroblastoma cell line SK-N-SH with ascorbic acid for two hours. Long-term incubation (five days) of these cells with ascorbic acid led to a three-fold increase of tyrosine hydroxylase gene expression. Further, Taylor et al. (25) reported release of catecholamines from PC 12 cells in response to acute hypoxia. PC 12 cells express CK-sensitive K + channels, thereby causing depolarization and this is assumed to trigger catecholamine secretion.
We also found an increase of tyrosine hydroxylase up to 86 % after incubating PC 12 cells for eight days in 50 % O, atmosphere and suggest that the increase is due to the high amount of molecular oxygen available, which is an essential cosubstrate of this key enzyme of dopamine biosynthesis. Further cofactors are Fe 2t and tetrahydrobiopterin. As we have shown in earlier studies (26) , addition of NADH to the incubation medium of PC 12 cells leads to stimulation of tyrosine hydroxylase activity by increasing the recycling of tetrahy-drobiopterin and further to sufficient synthesis of tetrahydrobiopterin cofactor.
Dihydroneopterin itself is a potent reducing agent and is perhaps able to act as electron donator like the physiological coenzyme NADH during the recycling of tetrahydrobiopterin. This again may lead to sufficient amounts of tetrahydrobiopterin cofactor for the tyrosine hydroxylase.
Another explanation could be that dihydroneopterin acts as moderately and slowly acting agent, activating molecular oxygen for the hydroxylation reaction (27, 28) .
Dihydroneopterin in high concentrations and normoxic conditions shows a lower increase of tyrosine hydroxylase activity as compared with moderate dihydroneopterin concentrations. This could be due to either a too vigorous radical formation (poisoning of the reaction) or possibly an interaction with the structurally similar cofactor tetrahydrobiopterin.
In hyperoxic state dihydroneopterin exerts a clear dose dependent suppression of tyrosine hydroxylase activity. This could again be due to a too vigorous radical formation in this situation. (Tab. 1).
Interventions with iron ions may lead to formation of hydroxyl radicals according to Fenton reaction, resulting in speeding up radical formation by dihydroneopterin.
As expected, after addition of up to 160 tiM Fe 2+ as FeS0 4 in incubation medium and under normoxic conditions (Tab. 2), cells increase tyrosine hydroxylase activity moderately. This occurs probably through more efficient activation of oxygen. Increase of iron concentrations results in full suppression of tyrosine hydroxylase activity, probably because of too high iron concentrations poison the whole system. Under hyperoxic conditions too much radicals are formed, already with low iron concentrations, resulting in suppression of tyrosine hydroxylase activity.
Iron is known to possess another role in the biosynthesis of catecholamines in dopaminergic neurons, namely as heme iron, assisting the recycling of ascor- bate by cytochrome b-561 required for the generation of norepinephrine from dopamine by dopamine-β-hydroxylase. Ponting demonstrated that a human and mouse gene product, stromal cell-derived receptor 2, is a homologue of cytochrome b-561 and duodenal cytochrome b, and is thus predicted to be active as a ferric reductase (29) . This protein also contains a domain homologous to the N-terminal regulatory region of dopamine-ß-hydroxylase. Dysfunction of these systems may lead to abnormal accumulation of Fe 3+ and'or generation of cytotoxic free radicals as a consequence of a rapid recycling between Fe 3 ' and Fe 2 '. Under normoxic condition and 100 μιηοΐ/l dihydroneopterin (Tab. 3), addition of iron leads to suppression of tyrosine hydroxylase activity, probably due to enhanced radical formation in this system. However, in contrast to (Tab. 2) (no dihydroneopterin present) higher iron concentrations do not completely abolish tyrosine hydroxylase activity: we conclude that in this situation propably dihydroneopterin and iron ions may react in some way with each other, thus mutually neutralizing their effects. Perhaps in this situation dihydroneopterin is rapidly degraded by the effects of iron. This latter explanation also nicely fits for the hyperoxic state: here already low iron concentration completely suppresses tyrosine hydroxylase activity, while higher iron concentrations are associated with increasing tyrosine hydroxylase activity. Nearly the same picture can be seen under normox- ic condition and 500 μιηοΐ/ΐ dihydroneopterin (Tab. 4). Addition of increasing iron concentrations leads to suppression of tyrosine hydroxylase activity, whilst under hyperoxic conditions addition of higher iron concentrations to 500 μηιοΐ/ΐ dihydroneopterin leads to a moderate increase of hydroxylase activity. These results prove that tyrosine hydroxylase activ- 
